Objective-To gain insights into mechanisms by which intimal hyperplasia interferes with the repair process by investigating expression and function of the catalytic telomerase reverse transcriptase (TERT) subunit after vascular injury. Methods and Results-Functional telomerase is essential to the replicative longevity of vascular cells. We found that TERT was de novo activated in the intima of injured arteries, involving activation of the nuclear factor B pathway. Stimulation of the isolated intimal smooth muscle cell (SMC) by basic fibroblast growth factor or tumor necrosis factor ␣ resulted in increased TERT activity. This depends on the activation of c-Myc signaling because mutation of the E-box in the promoter or overexpression of mitotic arrest deficient 1 (MAD1), a c-Myc competitor, abrogated the transcriptional activity. Inhibition of nuclear factor B in both intimal SMCs and the injured artery attenuated TERT transcriptional activity through reduction of c-Myc expression. Pharmacological blockade of TERT led to SMC senescence. Finally, depletion of telomerase function in mice resulted in severe intimal SMC senescence after vascular injury. Conclusion-These results support a model in which vascular injury induces de novo expression of TERT in intimal SMCs via activation of nuclear factor B and upregulation of c-Myc. The resumed TERT activity is critical for intimal hyperplasia. (Arterioscler Thromb Vasc Biol. 2010;30:2604-2610.)
T elomerase is a complex of ribonucleoproteins containing 2 core components, a catalytic telomerase reverse transcriptase (TERT) and a telomerase RNA component (Terc). Activation of TERT is implicated in the synthesis of new telomeric DNA repeats, thereby overcoming telomeric DNA attrition from the ends of the cell's chromosomes during each round of division. 1, 2 Although TERT activity is low or absent in most human adult somatic cells, 3 many lines of evidence suggest that TERT can be reactivated in some organs, such as liver and spleen, with self-renewal capacity. 4 -6 Moreover, TERT activity has also been found in inflamed lungs, 7 injured liver, 8 and hypertensive blood vessels, 9 indicative of a potential role for TERT in the process of tissue repair and remodeling. More recent studies indicate that TERT is involved in vascular smooth muscle cell (SMC) proliferation both in vitro 10 and in vivo. 11, 12 However, the regulation of TERT and its function in the artery remain elusive.
Vascular SMCs can be activated from quiescent into proliferative status in atherogenesis and in response to vessel injury. Proliferation of SMCs is modulated by proinflammatory cytokines and growth factors expressed in atherosclerosis and restenotic lesions through activation of nuclear factor (NF) B signal transduction pathway. [13] [14] [15] [16] [17] NF-B plays a crucial role in intimal hyperplasia. 18 Given the fact that TERT expression in many tissues could be activated by mitogenic stimuli, we assessed TERT expression and regulation by NF-B activation in vascular cells using a rat model of carotid artery injury and the functional relevance of telomerase using an arterial ligation model in Terc Ϫ/Ϫ mice.
See accompanying article on page 2604
Methods An extended version of the Methods section can be found in the supplemental materials (available online at http://atvb.ahajournals.org).
Rat Model of Angioplastic Injury and Inhibition of NF-B
Sprague-Dawley rats (weight, 300 to 350 g) were subjected to angioplastic injury to the left common carotid artery under general anesthesia by intraperitoneal injection of pentobarbital, 2 mg/kg, plus a combination of offentanyl citrate and fluanisone (Hypnorm), 50 mg/kg, as previously described. 19 Carotid arteries were transduced with 50 L of adenovirus encoding dominant-negative inhibitor of nuclear factor kappa-B kinase (IK␤) (dnIK␤) or Escherichia coli ␤-galactosidase at 4ϫ10 10 plaque forming unit (pfu)/mL and incubated for 40 minutes after the injury. The animals were euthanized by overdosing with pentobarbital 2 weeks after the injury, and the common carotid arteries were excised.
Carotid Artery Ligation Model in Terc ؊/؊ Mice
G4 mouse (m) Terc Ϫ/Ϫ mice were used in this study. 20 Briefly, the mice were anesthetized with intraperitoneal injections of offentanyl citrate and fluanisone (Hypnorm)/midazolam hydrogen maleate (Dormicum) solution; and the right common carotid artery and its bifurcation were exposed after midcervical incision and subsequently subjected to ligation. All surgery and postsurgery treatment was performed on heating pads. Three weeks after surgery, the mice were euthanized and the carotid arteries were dissected out for different purposes. Five cryosections, between 200 and 1000 m of ligated arteries, were subjected to hematoxylin-eosin staining and analyzed for intimal area using image analysis software (Leica Qwin).
Statistics
Statistical analyses were performed using the 2-tailed Student t test or the Mann-Whitney test, for experiments comparing 2 groups; and ANOVA with the Tukey multiple comparison posttest, for experiments comparing 3 or more groups. PϽ0.05 was considered statistically significant.
Results

Activation of TERT Expression Via NF-B in the Injured Artery
By using a rat carotid artery injury model, expression of TERT was examined in normal and injured vessels. Immunostaining analysis showed that TERT protein was highly induced in the injured vessels on day 14 and predominantly localized in intimal lesions (60% of intimal cells versus 20% of medial cells) ( Figure 1A , top left, d, and top right; PϽ0.05). Yet, it was not detected in normal vessels ( Figure  1A , top left, b). To confirm the immunostaining findings, TERT transcript levels were analyzed by RT-PCR. Consistent with the results of TERT protein, levels of TERT mRNA were increased approximately 30-fold in the injured artery on day 14 when compared with the normal artery ( Figure 1A , bottom; PϽ0.05). Intriguingly, immunostaining for NF-B p65 displayed a similar expression as TERT in the intima ( Figure 1A , c). Because of the pivotal role that NF-B serves in vascular remodeling, we assessed the possibility that activation of the NF-B signal transduction pathway is involved in regulation of TERT expression. By using adenovirus encoding dnIK␤, the carotid artery was transduced at balloon injury. This resulted in inhibition of the injuryinduced NF-B activation, as previously described, 18, 21 and marked suppression of TERT expression at both transcriptional and protein levels relative to that of ␤-galactosidasetransduced injured vessels on day 14 ( Figure 1B ).
Induction of TERT Activity in Isolated Vascular SMCs by Basic Fibroblast Growth Factor or Tumor Necrosis Factor ␣
To directly assess TERT activity in SMCs, isolated intimal and medial SMCs were stimulated with basic fibroblast growth factor (bFGF) or tumor necrosis factor (TNF) ␣ in vitro. As shown in Figure 2A , by telomeric repeat amplification protocol (TRAP) analysis, a low level of basal TERT activity was detected in medial SMCs, but a higher level was observed in intimal SMCs. Nevertheless, TERT activity was further enhanced by both TNF-␣ and bFGF in medial SMCs and to even greater levels in intimal SMCs.
E-Box in TERT Promoter Is Crucial for bFGF and TNF-␣ in Transcriptional Regulation of TERT in Intimal SMCs
To clarify molecular mechanisms for the transactivation of the TERT gene on vascular injury, intimal SMCs were transiently transfected with a 1.4-kb (encompassing Ϫ1353 to 9 of the transcriptional start site) TERT promoter-reporter or a 181-bp short proximal promoter-reporter. 22, 23 Our data showed that the long TERT promoter conferred minor transcriptional activity in intimal SMCs on either bFGF or TNF-␣ stimulation ( Figure 2B , left). In contrast, the short proximal TERT promoter was strongly activated by serum, bFGF, or TNF-␣, consistent with a previous report ( Figure 2B , right). 22 These data indicate that the short proximal TERT promoter, the so-called core promoter, confers the essential activity for the upregulation of TERT expression by bFGF or TNF-␣; therefore, it was further investigated. Previous studies show that an E-box element (located at Ϫ165 within the proximal promoter region), which functions as the binding motif of transcription factor c-Myc, is conserved in both the murine and human TERT gene promoter and is vital to transcriptional activation of the gene. 23 To determine the functional role of E-box in the bFGF and TNF-␣-induced activation of TERT, we examined activity of the TERT core promoter in the condition with intact or mutated E-box. As shown in Figure 2C , TNF-␣ and bFGF caused 6-and 9-fold increases of the promoter activity with the intact E-box, respectively, in intimal SMCs. However, abrogation of the E-box by mutation resulted in a marked decrease in the promoter activity to both TNF-␣ and bFGF. Similarly, enforced expression of MAD1, a competitor of Myc-associated factor X (MAX) that forms a heterodimer with c-Myc for the subsequent binding to E-box, 24 could also attenuate the promoter activity. These data suggest that bFGF and TNF-␣-induced c-Myc activation and subsequent binding to the E-box in the TERT promoter contribute to the transactivation of TERT in the intimal SMCs. We also examined the involvement of NF-B in transcriptional regulation of TERT in intimal SMCs by overexpressing the NF-B inhibitor, dnIK␤. Interestingly, despite no consensus NF-B response element in the TERT proximal promoter region, dnIK␤ markedly diminished both bFGF and TNF-␣-induced promoter activity in intimal SMCs (Figure 2C ).
NF-B Regulates c-Myc Expression and Subsequent Binding to the E-Box in the TERT Promoter in Intimal SMCs
Given the functional importance of c-Myc in TERT expression, the hypothesis that NF-B regulates c-Myc and, consequently, TERT expression in the vascular repair process was tested. Our in vivo data showed that c-Myc mRNA levels increased 3-fold in the carotid artery on day 14 after injury but was reduced to nearly preinjury levels in the vessels transfected with dnIK␤ ( Figure 3A ). Consistently, dnIK␤ infection also resulted in suppression of c-Myc and TERT Figure 4A , lane 4 versus lane 2 or 3). Subsequently, the binding of c-Myc onto 2 different E-box sequences in the TERT gene promoter was assessed by chromatin immunoprecipitation (ChiP) assay in the chromatin context of intimal cells exposed to bFGF stimulation. E-box 1 designates the sequence Ϫ114 to 108 in the proximal region of the rat TERT gene promoter, whereas the E-box 2 sequence is retrieved from Ϫ690 to Ϫ468 in the distal region corresponding to the E-box included in the long promoter ( Figure 4B ). We showed that increased in vivo c-Myc binding to E-box 1 was detected in the intimal cells exposed to bFGF for 2 hours (Figure 4B 
Both Inhibition of TERT and Terc Knockout Results in Replicative Senescence of Intimal SMCs
To assess the relevance of TERT reactivation to SMC proliferation, intimal SMCs were treated with bFGF in conjunction with different doses of TERT inhibitor BIBR1532. Supplemental Figure, A, shows that BIBR1532, 1 mol/L, significantly impeded bFGF-induced intimal cell proliferation at 3, 7, and 14 days; and that 5 mol/L fully inhibited the cell proliferation at all time points. However, 10 mol/L of this inhibitor revealed cell toxicity characterized by massive cell death on day 3 (data not shown). Morphological changes of the cells exposed to BIBR1532 were also evaluated microscopically. As shown in supplemental Figure, B , on day 7, BIBR1532, 1 mol/L-treated intimal cells became flat and enlarged, characteristic of cellular senescence, and apparently growth arrested when compared with bFGF-stimulated intimal SMCs. On day 14, BIBR1532-treated intimal cells displayed signs of apoptosis, as indicated by membrane blebbing.
To further assess the in vivo function of TERT during the vascular repair process, we used a telomerase-deficient mouse model by knocking down the RNA template of telomerase (Terc Ϫ/Ϫ mice). Because early generations of these mice, up to G3, display a relatively normal phenotype, compared with later generations, 25 we chose G4 Terc Ϫ/Ϫ mice and ligated the common carotid artery; after 3 weeks, mice were euthanized and arteries were removed for analysis. Figure 5A and 5B show that Terc Ϫ/Ϫ mice displayed a severe cellular senescence restricted to the intimal area, as detected by senescence-associated (SA)-␤-galactosidase staining, compared with wild type mice. The intimal lesion was determined from 200 to 1000 m from the ligation site, and no clear distinction in the lesion size was observed up to 800 m between the 2 groups of mice (data not shown). However, a tendency of intimal reduction, albeit not statistically significant, compared with the wild type mice, was noticed at 1000 m in Terc Ϫ/Ϫ mice ( Figure 5C ).
Discussion
For the first time, to our knowledge, the present study reports 2 interesting findings. First, vascular injury, through activation of NF-B, induces transcriptional upregulation of TERT selectively in intimal SMCs; also, c-Myc has been identified as an NF-B-modulated transcription factor directing TERT transactivation on vascular injury. Second, depletion of Terc in mice results in severe intimal SMC senescence after vascular injury. Our study supports a publication 11 indicating that TERT was reactivated after vascular injury; this further extends our knowledge of NF-B signaling modulating TERT in other cells types. 26 -28 Our findings establish activation of TERT in intimal SMCs by injury-induced NF-B signaling as a basic mechanism underlying regulation of intimal hyperplasia. The molecular mechanism that regulates intimal hyperplasia remains elusive. We demonstrated herein that a cell type-specific activation of TERT expression in intimal SMCs is undertaken during intimal hyperplasia and is tightly associated with activation of NF-B signaling. To understand the regulation of TERT expression in SMCs after vascular injury, we established an in vitro model in which TERT activity can be easily assessed in medial and intimal SMCs exposed to TNF-␣ or bFGF. Previous studies 29 -32 demonstrate that angioplastic injury to the artery provokes a pronounced inflammatory response, including induction and activation of the mitogen bFGF and proinflammatory cytokines, such as TNF-␣, implicated in modulating SMC migration, growth, and apoptosis. In addition, both TNF-␣ and bFGF are able to directly activate NF-B. 16, 32 Initial analysis of TERT activity reveals that, although both intimal and medial SMCs possess a low level of basal TERT activity, this can be substantially enhanced, in particular in the intimal SMCs, when exposed to TNF-␣ or bFGF, suggesting that TERT in SMCs could be regulated by bFGF and TNF-␣ produced by activated SMCs and other inflammatory cells in the injured vessel. This view also supports a recent study 33 that bFGF induces TERT expression in rat lung fibroblasts. However, bFGF and TNF-␣ may regulate TERT through different mechanisms. bFGF strongly activates the TERT promoter and induces the gene expression in intimal SMCs, indicating that it regulates TERT primarily via activation of gene transcription. Conversely, TNF-␣ is unable to induce TERT transcription in SMCs (data not shown), although this cytokine could induce TERT activity and, to some extent, activate the TERT promoter. In view of recent findings that TNF-␣ can rapidly activate TERT translocation from the cytoplasm to the nucleus, 26 we postulate that TNF-␣ regulates TERT activity via an alternative mechanism, probably acting on posttranslational events.
Regulation of TERT activity can be achieved at various levels, including transcriptional 27 and posttranscriptional. 26, [33] [34] [35] A recent study 10 showed that increased TERT activity was because of phosphorylation of TERT in the proliferative vascular SMCs; however, the present data show that TERT in the injured vessel is modulated primarily via transcription regulation and involves NF-B activation. Im-munostaining analysis shows that both TERT and an activated NF-B signal were localized in the intima and that TERT expression was diminished when inhibiting NF-B by dnIK␤. These findings indicate that NF-B activation serves as a critical regulatory mechanism contributing to de novo activation of TERT transcription. Previous studies 22,23,36 -39 have clarified that TERT transcription could be directed by several transcription factors, including c-Myc, NF-B, and signal transducer and activator of transcription 3, suggesting that TERT expression may be regulated by different factors in different cellular contexts. 40 To gain further insight into the mechanism by which NF-B modulates TERT expression in SMCs, we assessed the activity of the TERT gene promoter in intimal SMCs on bFGF and TNF-␣ stimulation. Studies on the TERT gene promoter have identified that activation of an E-box element in the proximal core promoter by Myc/Max dimer is essential for transcriptional activation in immortalized and cancer cells 22, 24, 41 and is also required for TERT transcription in normal epithelial and fibroblast cells. 22, 42, 43 Results of the present promoter assay indicate that the transcription activity of TERT to a great extent depends on c-Myc function and E-box in the TERT core promoter region because mutation of the E-box or overexpression of MAD1 abolishes the promoter activity. Intriguingly, blockade of NF-B also substantially attenuates the activity of bFGF and TNF-␣; because no NF-B element exists in the tested TERT core promoter, these data imply an indirect, rather than a direct, role for NF-B in the regulation of TERT gene transcription.
In this situation, activation of c-Myc has also been established as a central mechanism. We showed that c-Myc is induced in the injured vessels in an NF-B-dependent manner. Furthermore, overexpression of dnIK␤ in cultured intimal SMCs blocks the cytokine-induced rapid c-Myc expression and TERT expression. A ChiP assay demonstrates NF-B-mediated direct binding of c-Myc onto the TERT promoter in the chromatin context of living cells exposed to bFGF treatment. Taken together, the established correlation between activation of NF-B and upregulation of c-Myc and transcriptional activation of the TERT gene provides an indirect role of NF-B through c-Myc in the regulation of TERT gene expression after vascular injury. Activation of telomerase is believed to be critical for cell proliferation and immortalization. Finally, we explored the functional role of TERT reactivation in intimal hyperplasia in 2 ways. First, pharmacological inhibition of TERT in intimal SMCs restrains cell growth, suggesting a critical role for TERT in supporting intimal SMC proliferation. Second, mimicking vascular injury by performing carotid artery ligation of Terc-deficient mice induced dramatic cellular senescence in the intima of Terc Ϫ/Ϫ mice compared with wild-type mice, affirming that reactivating SMC TERT on injury is required for intimal development. These data may provide a new understanding and solution for restenosis.
In conclusion, the present data demonstrate that expression of TERT can be de novo activated in vascular SMCs in response to injury and that this is mediated by the activation of the NF-B signal transduction pathway. In view of the critical role of NF-B in the regulation of intimal hyperplasia and TERT activity, advances in the understanding of the regulation of TERT activity may open new avenues for therapeutic intervention of intimal hyperplasia.
